Aerobic heterotrophs were isolated from subsurface soil samples obtained from the U.S. Department of Energy's (DOE) Field Research Center (FRC) located at Oak Ridge, Tenn. The FRC represents a unique, extreme environment consisting of highly acidic soils with cooccurring heavy metals, radionuclides, and high nitrate concentrations. Four hundred isolates obtained from contaminated soil were assayed for heavy metal resistance, and a smaller subset was assayed for tolerance to uranium. The vast majority of the isolates were gram-positive bacteria and belonged to the high-G؉C-and low-G؉C-content genera Arthrobacter and Bacillus, respectively. Genomic DNA from a randomly chosen subset of 50 Pb-resistant (Pb r ) isolates was amplified with PCR primers specific for P IB -type ATPases (i.e., pbrA/cadA/zntA). A total of 10 pbrA/cadA/zntA loci exhibited evidence of acquisition by horizontal gene transfer. A remarkable dissemination of the horizontally acquired P IB -type ATPases was supported by unusual DNA base compositions and phylogenetic incongruence. Numerous Pb r P IB -type ATPase-positive FRC isolates belonging to the genus Arthrobacter tolerated toxic concentrations of soluble U(VI) (UO 2 2؉ ) at pH 4. These unrelated, yet synergistic, physiological traits observed in Arthrobacter isolates residing in the contaminated FRC subsurface may contribute to the survival of the organisms in such an extreme environment. This study is, to the best of our knowledge, the first study to report broad horizontal transfer of P IB -type ATPases in contaminated subsurface soils and is among the first studies to report uranium tolerance of aerobic heterotrophs obtained from the acidic subsurface at the DOE FRC.
Aerobic heterotrophs were isolated from subsurface soil samples obtained from the U.S. Department of Energy's (DOE) Field Research Center (FRC) located at Oak Ridge, Tenn. The FRC represents a unique, extreme environment consisting of highly acidic soils with cooccurring heavy metals, radionuclides, and high nitrate concentrations. Four hundred isolates obtained from contaminated soil were assayed for heavy metal resistance, and a smaller subset was assayed for tolerance to uranium. The vast majority of the isolates were gram-positive bacteria and belonged to the high-G؉C-and low-G؉C-content genera Arthrobacter and Bacillus, respectively. Genomic DNA from a randomly chosen subset of 50 Pb-resistant (Pb r ) isolates was amplified with PCR primers specific for P IB -type ATPases (i.e., pbrA/cadA/zntA). A total of 10 pbrA/cadA/zntA loci exhibited evidence of acquisition by horizontal gene transfer. A remarkable dissemination of the horizontally acquired P IB -type ATPases was supported by unusual DNA base compositions and phylogenetic incongruence. Numerous Pb r P IB -type ATPase-positive FRC isolates belonging to the genus Arthrobacter tolerated toxic concentrations of soluble U(VI) (UO 2 2؉ ) at pH 4. These unrelated, yet synergistic, physiological traits observed in Arthrobacter isolates residing in the contaminated FRC subsurface may contribute to the survival of the organisms in such an extreme environment. This study is, to the best of our knowledge, the first study to report broad horizontal transfer of P IB -type ATPases in contaminated subsurface soils and is among the first studies to report uranium tolerance of aerobic heterotrophs obtained from the acidic subsurface at the DOE FRC.
The remediation of hazardous mixed-waste sites, particularly those cocontaminated with heavy metals and radionuclides, is one of the most costly environmental challenges currently faced by the United States and other countries. Interactions between microorganisms, radionuclides, and metals that promote their precipitation and immobilization in situ are promising strategies for treatment and cleanup of the contaminated subsurface (1, 15) . At mixed-waste sites where the concentrations of metal contaminants can reach toxic levels, the metal resistance of indigenous microbial populations could be critical for the success of in situ biostimulation efforts. For example, while a number of microbes can carry out reductive precipitation of radionuclides (e.g., Desulfovibrio sp., Geobacter sp., and Shewanella sp.) (28, 44, 63) , the sensitivity of these organisms to heavy metals could possibly limit their in situ activities. Thus, the metal sensitivity of some radionuclide-reducing microbes suggests that the acquisition of metal resistance traits (e.g., P IB -type ATPases that regulate the transport of heavy metals) might be conducive to facilitating and/or enhancing microbial metabolism during subsequent biostimulation activities in metal-and radionuclide-contaminated subsurface environments.
The P-type ATPases represent a chromosomally encoded superfamily of ion-translocating proteins present in all three domains of life (2) . The prokaryotic heavy metal-translocating P IB -type ATPases detoxify the cell cytoplasm by effluxing the divalent ions of cadmium, cobalt, lead, nickel, and zinc (3, 39, 50) . The P IB -type ATPases represent one of three mechanisms for promoting microbial heavy metal resistance or tolerance, including (i) metal reduction (28), (ii) metal complexation (30) , and (iii) ATP-dependent metal efflux (40) . In previous studies workers have also determined the presence of P IB -type ATPase genes on mobile genetic elements (i.e., plasmids and transposons) in both gram-positive bacteria (24, 42, 43) and gram-negative bacteria (22, 33) .
Analysis of completed microbial genomes has indicated that horizontal gene transfer (HGT) continues to be an important factor contributing to the innovation of microbial genomes (5, 17, 36) . HGT driven by mobile genetic elements, such as plasmids (16) , insertion sequences (31), integrons (37) , transposons (45) , and phages (9) , has been shown to provide microbes with a wide variety of adaptive traits for microbial survival and proliferation (e.g., antibiotic and heavy metal resistance and diverse metabolic capabilities, including xenobiotic compound degradation and virulence). While point mutations contribute to microbial adaptation, horizontal dissemination of genes has proven to be more critical in promoting rapid genomic flexibility and microbial evolution (57) . However, HGT among some subsurface microbial populations, particularly those present in the deep subsurface, has been postulated to be unlikely to occur owing to the low cell densities and the low permeability of the soil strata (61) . Recently, detectable HGT of genes encoding bacterial P IB -type ATPases in bacterial isolates from a deep subsurface environment free of heavy metal contamination has been reported (11) . Although HGT of genes encoding P IB -type ATPases was detected in only a few isolates, the extent of HGT may have been underestimated due to the close relatedness of the bacterial lineages studied (11) .
In the present study, we examined the extent of horizontally transferred P IB -type ATPases in bacterial isolates cultured from subsurface soils with a history of radionuclide and heavy metal contamination. The isolates were obtained from soil samples from the Department of Energy (DOE) Field Research Center (FRC) located in the Oak Ridge National Laboratory Reservation (Oak Ridge, TN). The FRC subsurface is an extreme geochemical environment that places a number of stresses on the extant microbial community, including low pH (e.g., pH Ͻ4), nitrate concentrations that can exceed 100 mM, and the cooccurrence of heavy metals and radionuclides (U and other actinides) (http://www.esd.ornl.gov/nabirfrc) (47). Our main objective was to examine the role of HGT in the evolution of metal homeostasis by performing phylogenetic analyses of sequences of zntA/cadA/copA-like genes amplified from the genomes of 50 lead-resistant (Pb r ) subsurface bacteria. The P IB -type ATPases were amplified from genomic DNA using a previously described set of PCR primers specific for this subfamily of ATPases (11) 
MATERIALS AND METHODS
Sampling site. Contaminated subsurface soils were collected from the DOE Natural and Accelerated Bioremediation Field Research Center located in the Oak Ridge National Laboratory Reservation at Oak Ridge, Tenn. The contaminated soils are adjacent to an asphalt parking area that covers three former waste ponds (S-3 ponds) used during weapons production activities. The waste ponds and surrounding soils contain uranium (U) and other radionuclides, nitric acid, organic solvents, and heavy metals (http://www.lbl.gov/NABIR/). Soil cores (diameter, 3.75 cm; length, approximately 180 cm) were collected on 18 to 20 February 2003 as described by Petrie et al. (47) . In this study, contaminated subsurface soil samples were obtained from the saturated zone, where elevated U and nitrate concentrations have been reported (http://www.lbl.gov/NABIR/). Soil core samples were obtained from boreholes FB058 and FB059 (area 1; maximum depth, 19 ft); FB051, FB053, and FB054 (area 2; maximum depth, 26 ft); and FB055 and FB057 (area 3; maximum depth, 19 ft). These samples were handled aseptically and were preserved under an argon atmosphere. Cores were shipped chilled overnight to the Georgia Institute of Technology and were processed for chemical and microbiological analyses immediately. The dry/wet ratio values ranged from 0.8 to 0.88. The soil pH, as determined by McLean (32), ranged from 4.0 (area 3) to 7.5 (area 2). Detailed geology, chemistry, and site descriptions are available on the DOE Natural and Accelerated Bioremediation website (http: //www.lbl.gov/NABIR/).
Strain isolation, determination of plasmids, and metal resistance. Aerobic chemoheterotrophs were isolated by homogenizing triplicate 3-g soil samples (e.g., samples obtained along the length of the intact subsectioned core; n ϭ 3) in sterile saline and plating serial dilutions onto a variety of media, including full-strength (100%) PTYG, which contained (per liter) 5 g peptone, 5 g tryptone, 5 g yeast extract, 10 g glucose, 0.6 g MgSO 4 · 7H 2 O, and 0.06 g CaCl 2 , 1% PTYG, 1% tryptone, which contained 10 g tryptone per liter, and R2A, which contained (per liter) 0.5 g yeast extract, 0.5 g proteose peptone, 0.5 g Casamino Acids, 0.5 g glucose, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3 g K 2 HPO 4 , 0.05 g MgSO 4 · 7H 2 O (Becton Dickinson), and 15 g agar (Sigma). Areas 1 and 2 yielded the highest number of isolates, and area 3, whose soils contained the highest concentrations of nitrate and uranium (http://www.esd.ornl.gov/nabirfrc/), yielded the lowest number of isolates. Due to the heterogeneous nature of the soil samples and low numbers of CFU, triplicate samples were used to obtain as many culturable isolates as possible. Plates were incubated for 1 to 5 days at 25°C and 30°C. Strains were purified by repeated streaking onto the same agar that was used for initial isolation. The Gram reaction of each of the 400 isolates was determined as described by Powers (48) . PCR amplification of 16S rRNA genes from each isolate was performed as previously described (35) . Isolates were grouped on the basis of the restriction fragment length polymorphism band patterns of their 16S rRNA amplicons after digestion with MspI and HhaI as described by Mills et al. (35) . Multiple representatives of each restriction fragment length polymorphism group were subjected to 16S rRNA sequence analysis. Long-term storage of the FRC isolates was in dimethyl sulfoxide/ glycerol at Ϫ80°C. Nutrient broth (NB) (3 g beef extract per liter, 5 g peptone per liter) was used for maintenance of the purified FRC strains. Isolates were screened for the presence of plasmids as previously described by Reyes et al. (51) . For determination of resistance to the metal salts cadmium chloride, potassium chromate, lead citrate, and mercuric chloride, 400 FRC isolates were assayed as previously described (6, 51) . The following concentrations of metals were tested: 500 nmol (C 6 H 5 O 7 ) 2 Pb 3 · 3H 2 O, 50 nmol Hg 2 Cl 2 , 2 mol K 2 CrO 4 , and 500 nmol CdCl 2 · 5/2H 2 O. Metal-resistant and -sensitive control strains were used as described by Benyehuda et al. (6) to confirm metal resistance phenotypes.
Uranium tolerance assays. Tolerance to uranium (U) at pH 4 was determined as previously described (55), using 200 M uranyl acetate [50 ppm U(VI)]. Five-milliliter overnight broth cultures of FRC isolates and control strains (Arthrobacter histidinolovorans ATCC 11442, Bacillus cereus ATCC 14579, and Escherichia coli JM109) were diluted 1:100 and grown to the mid-log phase either at 25°C in nutrient broth (FRC isolates and control strains) or at 37°C in LuriaBertani (LB) broth (E. coli). Three 1-ml aliquots of mid-log-phase cells were centrifuged (10 min, 10,000 ϫ g), the cell pellets were washed twice with 0.1 M NaCl (pH 4), and each aliquot was assayed as follows: (i) diluted in sterile saline and immediately plated on nutrient agar; (ii) incubated for 1 h in 0.1 M NaCl (pH 4); and (iii) incubated for 1 h in 0.1 M NaCl (pH 4) containing 200 M U(VI). Following incubation, cells were serially diluted in sterile saline, plated on either LB or NB agar, incubated for 24 to 48 h, and enumerated. Triplicate assays were conducted, and all data were analyzed for statistical significance.
PCR amplification of 16S rRNA and P IB -ATPases. Genomic DNA was isolated from FRC isolates by a rapid boiling method (19) . Briefly, FRC isolates were incubated in NB for 6 h at 30°C. A 100-l cell suspension was centrifuged, and the pellet was resuspended in 20 l sterile distilled water and heated (100°C for 10 min). Lysates were centrifuged, and the supernatants were decanted and transferred to sterile tubes for storage at Ϫ20°C prior to use. PCR amplification of 16S rRNA genes was performed as previously described (35) , and PCR amplification of the P IB -type ATPase genes was also performed as previously described (11) . Specifically, the PCR primers used in reaction 1 targeted conserved sequences found in all P-type ATPases for the target genera indicated in Table 1 . The PCR primers used in reaction 2 targeted domain sequences that are found only in heavy metal-transporting (P IB -type) ATPases (Table 1) (11) .
Sequencing and analyses. Sequencing of the zntA/cadA/pbrA-like and 16S rRNA amplicons was performed at the School of Biology Genome Center (Georgia Institute of Technology) using a BigDye Terminator v3.1 cycle sequencing kit and an automated capillary sequencer (model 3100 gene analyzer; Applied Biosystems). The primers used to sequence the P IB -type ATPase loci are listed in Table 1 , and primers 27f and 1522r (35) were used for 16S rRNA gene PCR products. Multiple sequences of PCR products were initially aligned using the program BLAST 2 Sequences (56) available through the National Center for Biotechnology Information and were assembled with the program BioEdit v5.0.9 (18) . Sequences from this study and reference sequences, as determined by BLAST analysis, were aligned using ClustalX v1.81 (58) . Neighbor-joining trees were created from these alignments. On average, 780 and 560 nucleotides were included in the phylogenetic analyses of the 16S rRNA gene and P IB -ATPase sequences, respectively. The tree topologies of 16S rRNA gene phylogenies were identical when they were analyzed using maximum likelihood and maximum parsimony. Similar analyses of P IB -ATPase amino acid sequences resulted in some tree topology differences but did not alter the outcome of the data generated by neighbor joining. The bootstrap data indicate percentages for 1,000 samplings. The final trees were viewed using NJPlot (46) and TreeView v1.6.6 available at http://taxonomy.zoology.gla.ac.uk/rod/treeview.html.
Nucleotide sequence accession numbers. The 17 16S rRNA nucleotide sequences have been deposited in the GenBank database under accession numbers DQ224387 to DQ224403, and the 19 P IB -ATPase nucleotide sequences have been deposited in the GenBank database under accession numbers DQ234600 to DQ234618.
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RESULTS AND DISCUSSION
Viable bacterial populations from contaminated soils and metal resistance phenotypes. Cultivation-based methods were used to isolate aerobic heterotrophs present in radionuclideand heavy metal-contaminated subsurface soils at the U.S. DOE FRC. In the current study, the numbers of heterotrophic bacteria recovered from the contaminated FRC soils were low, ranging from fewer than 10 CFU g Ϫ1 to 10 4 CFU g Ϫ1 (data not shown). All four media yielded similar CFU counts. Comparable low population densities for aerobic heterotrophs, isolated on the same media used in this study, have been reported previously for contaminated soils from a high-level waste plume at the Hanford Site (14) . While enrichment-based studies targeting Fe(III)-reducing populations in FRC soils have also reported similar low population densities (47), fewer studies have reported data for aerobic populations from the FRC. Such information is particularly relevant as areas within contaminated FRC sites are already oxygenated and/or can become reoxygenated during rain-driven recharge events. Moreover, microorganisms that maintain metabolic activity in the presence of oxygen may play key roles in sequestration and immobilization of toxic radionuclides, such as U(VI), via bioprecipitation processes (4, 26) . These biologically mediated processes could represent alternative remediation strategies as recent studies have reported that enzymatic and/or abiotic reoxidation of bioreduced U occurred (12, 13) . Additionally, previous kinetic studies have also shown that, in the presence of electron shuttles, Fe(III) and Mn(IV) oxides promote the abiotic oxidation of U(IV) to U(VI)] (25, 38) .
The majority (392 of 400) of the FRC isolates recovered from contaminated soils were gram positive and belonged to the high-GϩC-and low-GϩC-content genera Arthrobacter and Bacillus, respectively. As many as 40% of all cultured isolates recovered from FRC soil were related to Arthrobacter based on 16S rRNA gene analysis (data not shown). Gram-negative isolates recovered from the FRC sediments were most closely related to Rahnella (Fig. 1) . As the acidic FRC subsurface soils are cocontaminated with heavy metals (8) , it was of interest to determine the metal resistance phenotypes of the isolates, particularly as it has been postulated that Arthrobacter sp. (55) .
and Bacillus sp. (34) could be important in promoting the remediation of uranium through either intracellular sequestration or bioadsorption mechanisms. The percentages of FRC isolates (n ϭ 400) that were resistant to the heavy metals cadmium, chromium, lead, and mercury were 10%, 11%, 44%, and 49%, respectively. The majority of the FRC isolates also exhibited resistance to two or more metals (data not shown). A comparison of the metal resistance characteristics of grampositive FRC isolates and gram-positive strains previously isolated from saturated deep subsurface sediments at DOE's Hanford and Savannah River (SRS) sites revealed marked differences in the resistance phenotypes (6). Higher percentages of isolates from Hanford and SRS than of isolates from the FRC (11%) were shown to be resistant to chromium (38% and 37%, respectively [6] ). The percentages of Hanford and SRS gram-positive strains shown to be resistant to lead were 48% and 20%, respectively (6) . While 49% of the FRC grampositive isolates were found to be resistant to mercury, only 8% of the SRS isolates were found to be mercury resistant (6) . Cadmium resistance was not determined for the Hanford or SRS isolates in the previous study (6) . It is important to note that the isolates from Hanford and SRS were cultured from uncontaminated soils from deeper saturated strata, whereas the FRC isolates were recovered from the contaminated subsurface. Such site and depth variation could have contributed to the observed differences in metal resistance phenotypes among subsurface bacteria isolated from the SRS, Hanford, and FRC sites.
Horizontal transfer of P IB -type ATPases. A cellular enzymatic detoxification mechanism to remove toxic metals is efflux pumping of mono-and divalent cations via chromosomally encoded metal homeostasis proteins (e.g., P-type ATPases [21] ). Mobile genetic elements, including broad-host-range conjugative plasmids, have also been shown to encode resistance determinants, thus promoting their horizontal transfer to unrelated microorganisms (33) . Recently, Coombs and Barkay (11) investigated the role of HGT in the evolution of lead resistance in 105 deep subsurface strains from uncontaminated Hanford and SRS saturated soils. Using nested PCR primers designed to specifically amplify P IB -type ATPases (e.g., zntA/ (11) . Sequences of 26 of the 28 amplicons were subsequently obtained; two of the 26 strains yielded products with two different primer sets (Table 1) . Sequence analyses of these 26 amplicons revealed the presence of numerous signature regions of P IB -type ATPases, including phosphorylation and ATP-binding domains (29) , thus demonstrating the utility of the primer sets. Seventeen of the 26 amplicons were selected for further sequence analyses as all of them contained complete regions of the signature domains, and only these isolates were subjected to 16S rRNA gene sequencing. The remaining nine amplicons were not long enough for phylogenetic analyses due to truncations in one or more of the expected domain sequences (possibly due to insertions, deletions, or other recombination events). The only gram-negative strains among the 50 randomly chosen Pb r strains that had amplifiable P IBtype ATPases were isolates FRC-X7 and FRC-Y9602. These isolates had PCR-amplifiable copA-related P IB -type ATPases (data not shown) along with the expected zntA/cadA/prbA loci (Fig. 1) . This result is not surprising given the limited number of control strains tested in the initial primer sets for the P IBtype zntA/cadA/prbA-specific ATPases (11). Overall, the neighbor-joining and maximum likelihood tree analyses of the zntA/ cadA/pbrA-like deduced amino acid sequences (e.g., 500 to 600 bp) resulted in a tree with remarkable incongruence between the 16S rRNA and ATPase gene phylogenies (Fig. 1) . Seven of the 17 amplicons exhibited no unusual or unexpected incongruence which would have been suggestive of HGT, such as an atypical GϩC content or phylogenetic incongruence ( Fig. 1 and Table 2 ) (23) . However, all seven of the zntA/cadA/pbrAlike sequences derived from Arthrobacter isolates exhibited evidence of recent acquisition by HGT. Specifically, the zntA/ cadA/pbrA-like gene sequences amplified from isolates FRC-V45 and FRC-Z8, belonging to the phylum Actinobacteria as determined by 16S rRNA phylogeny (Fig. 1) , grouped in one of the two bifurcated nodes within the Firmicutes (Fig. 1) . In addition, the FRC-V45 and FRC-Z8 isolates contained zntA/ cadA/pbrA-like genes with GϩC contents much lower than those expected for other Arthrobacter spp. (35 to 36 mol% instead of 59 to 70 mol% [20] ) ( Table 2) . A second set of P IB -type ATPases in isolates FRC-AA1, FRC-AA20, FRC-AA21, and FRC-AA25, also belonging to the phylum Actinobacteria (Fig. 1) , clustered with ZntA/CadA/PbrA-like sequences most closely related to the second bifurcated node within the Firmicutes (Fig. 1) . These four isolates also had unusual GϩC contents (38 mol%) ( Table 2 ). The ATPaserelated sequences amplified from isolates FRC-X11, FRC-Y7, and FRC-Y22, belonging to the phylum Firmicutes, clustered in one distinct ␥-Proteobacteria ZntA/CadA/PbrA-like clade (Fig. 1) . Horizontal acquisition of the ATPase genes is also supported by unusual DNA base compositions, as indicated by the GϩC contents (Table 2) . Strains FRC-X11, FRC-Y7, and FRC-Y22 contained zntA/cadA/pbrA-like genes with GϩC contents of 58 to 59 mol% (Table 2 ). These contents differed considerably from the content of the most closely related culturable isolate, Bacillus cereus, which has a GϩC content of 32 mol% (10) . Together, such phylogenetic incongruence and unusual GϩC contents provide strong evidence for horizontal acquisition of the P IB -type ATPases genes. As determined by 
The evidence for HGT was supported by analysis of both phylogenetic incongruence and the GϩC content.
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16S rRNA gene analysis, Bacillus spp. isolates FRC-X11, FRC-Y7, and FRC-Y22 exhibited more than 96% identity, and the ATPase sequences amplified from these isolates exhibited more than 97% amino acid identity (data not shown). Interestingly, the ␥-Proteobacteria-related ATPase amino acid sequences from isolates FRC-X34 and FRC-Y22 (Arthrobacter sp. and Bacillus sp., respectively) ( Fig. 1 ) exhibited 98% identity but represented two distinct phyla based on the 16S rRNA gene sequences (Actinobacteria and Firmicutes) (Fig. 1) . Although the GϩC content of the zntA/cadA/pbrA-like sequence (59 mol%) amplified from isolate FRC-X34 is similar to the previously reported GϩC contents of other Arthrobacter spp., many ␥-Proteobacteria have comparable GϩC contents (range, 38 mol% to 63 mol%) (20a). Thus, horizontal transfer of the zntA/cadA/pbrA-like gene to isolate FRC-X34 may still be supported by our results; however, we denoted it a "maybe" for the purposes of this study ( Table 2 ). The FRC isolates were also screened for the presence of plasmids (Fig. 1) . Of the 10 strains that fulfilled the criterion that the P IB -type ATPases may have been acquired by HGT, 8 contained plasmids that were large enough to encode such genes and to be mobilizable and/or self-transmissible (data not shown). Studies are being conducted to determine whether plasmid-encoded ATPase genes are indeed present in these isolates. Taken together, all of these findings are highly suggestive of considerable broad and remarkable dissemination of horizontally acquired P IB -type ATPase genes from both the Firmicutes and Proteobacteria phyla to bacteria isolated from contaminated subsurfaces ( Fig. 1 and Table 2 ). However, it is important to note that we cannot conclude, based on the current study, whether such HGT events occurred prior to or following FRC soil contamination. Indeed, a host of other biological and/or environmental factors likely contribute to such horizontal gene exchanges (54, 57) .
Tolerance to uranium. In addition to heavy metals, microorganisms in the FRC subsurface are subjected to other contaminants, including radionuclides and organic solvents (http: //www.esd.ornl.gov/nabirfrc). Thus, to determine whether the heterotrophic FRC strains isolated in this study were capable of tolerating toxic concentrations of U, tolerance assays were conducted under acidic conditions with numerous isolates representing the most commonly isolated genera (Arthrobacter, Bacillus, and Rahnella).
The isolates that were the least tolerant of both the acidic pH and U toxicity assay conditions were the FRC Bacillus spp. isolates (Table 3) . A similar result was reported for Bacillus spp. previously isolated from an acidic inactive open-pit U mine (55) . The exception was Bacillus sp. strain FRC-X18, which remained viable at pH 4 (Table 3 ) and exhibited the smallest reduction in cell number in the presence of U (Table  3) . Strains FRC-N65, FRC-X18, and FRC-Y9-2 exhibited greater tolerance to the acidic pH conditions than the Bacillus control strain (Table 3 ). The gram-negative organism Rahnella sp. strain FRC-Y9602 exhibited only a slight decrease in cell viability (Table 3 ) due to the pH conditions but a Ͼ100-fold loss of viability upon exposure to U(VI). The Arthrobacter strains exhibited the greatest tolerance to the low-pH and U conditions (Table 3) . Of the six Arthrobacter strains tested, the A. histidinolovarans control strain exhibited the greatest decrease in cell viability during incubation at pH 4 with or without U (Table 3 ). In contrast, the FRC strains exhibited little or no decrease in cell viability (Table 3) . A similar tolerance to acid has also been reported for two other Arthrobacter spp. from an open-pit U mine (55) . All five Arthrobacter FRC strains remained viable following exposure to U. Similarly, two of the three high-GϩC-content microorganisms previously isolated from the open-pit U mine site exhibited comparable tolerance to U (55) .
The tolerance to U exhibited by gram-positive and gramnegative microorganisms may be explained by several different cellular mechanisms, as previously reported by other investigators (30, 49, 55) . One mechanism, bioadsorption, has recently been hypothesized to occur in a well-characterized Arthrobacter type strain, the A. nicotianae type strain (59) . In this study as much as 80% of the uranyl ions were removed from an aqueous solution at pH 4 (59); however, cellular U localization was not determined. A second mechanism, U sequestration, which was shown to occur in Arthrobacter isolate S3Y (55) , resulted in intracellular accumulation of uranium precipitates, perhaps as a means to limit U toxicity. In this case, the authors used transmission electron microscopy and energy-dispersive X-ray analysis to identify coprecipitation of U with phospho- rus-and calcium-rich granules (55) . Interestingly, strain S3Y exhibited no evidence of bioadsorption (55) , suggesting that Arthrobacter species such as A. nicotianae may also be capable of intracellular U accumulation. Studies are currently under way to determine whether intracellular U sequestration promotes the tolerance to U that has been observed in Arthrobacter strains isolated from heavy metal-and radionuclidecontaminated subsurface soils.
Among some of the most promising strategies for remediation of contaminated subsurfaces are bioimmobilization of metals and radionuclides by microbial processes and their metabolic products (4) . Numerous microbes carry out reductive processes that result in decreased solubility, and thus bioavailability and toxicity, of metals and radionuclides (27) . Recent efforts to stimulate microbial communities to remove U from contaminated aquifers and groundwater by promoting the in situ activity of dissimilatory metal-reducing organisms highlight the important role of microbial processes in the subsurface (1, 41) . In these studies, biostimulation strategies for subsurface remediation resulted in significant increases in Geobacter spp. and sulfate-reducing bacterial populations. As these populations are expected to function in environments that are affected by mixed wastes, the presence of toxic heavy metals and nitrates that cooccur at sites such as the FRC (13, 47) could potentially limit their activities. For example, Desulfovibrio desulfuricans G20, a model organism for immobilization of metals as metal sulfides, has been shown to be susceptible to micromolar concentrations of heavy metals, including Cu(II), Zn(II), and Pb(II) (52) , while mixed cultures of sulfate reducers were inhibited by Cr(VI) (53), Cu(II), and Zn(II) (60) . Likewise, some heavy metals, including Cr(VI), have also been shown to negatively affect the growth of Shewanella spp., which have been studied for their role in immobilizing metals and radionuclides by reduction to insoluble forms (62) . Thus, the (heavy) metal sensitivity of some radionuclide-reducing microorganisms indicates that acquiring metal resistance could be highly conducive to facilitating and/or enhancing microbial metabolism in metal-contaminated subsurface environments. Such enhancement could be achieved by stimulating the transfer of broad-host-range metal resistance plasmids to metaland radionuclide-reducing microbes in treated subsurfaces and/or promoting the efficient transformation and incorporation of key genes for adaptation via transformation-or transduction-mediated processes (16) . To the best of our knowledge, this study is among the first to report the heavy metal resistance phenotypes and U tolerance of Arthrobacter spp. isolated from an acidic contaminated subsurface environment. These unrelated, yet synergistic, physiological traits observed in Arthrobacter isolates residing in contaminated FRC soils may contribute to the survival of these organisms in such an extreme environment. Thus, Arthrobacter species, particularly those residing in contaminated subsurface environments, such as the FRC, may represent a largely untapped group of microorganisms with considerable bioremediation potential.
